different background noises, consistent with a previous isolated observation of improvement in the first two sessions of a German sentences-in-noise test 21 . Different sentences were used in all learning sessions in our study and hence the learning reflected a generalized improvement in the ability to extract complex, natural signals from competing sounds.
Perceptual learning is also subject to interference. This can occur by introducing temporal jitter in the presentation of stimuli within a training session that involves learning of multiple stimuli along the same perceptual dimension 22 . Between-sessions interference can occur in multi-stimuli learning if temporally-jittered stimuli are introduced within 4 h of training with non-jittered stimuli 22 . In singlestimulus learning, between-sessions interference can be elicited by training with a similar hyperacuity task with a small variant, within 1 h of a previously-trained hyperacuity task 23 or by repeated within-day training [24] [25] [26] [27] , and this appears to occur through effects in primary sensory cortex 27, 28 . All these cases involve interference with the consolidation of perceptual learning, a process that often involves sleep (e.g., 29, 25) , and it is therefore not surprising that even a short nap can reverse perceptual deterioration occurring with repeated within-day training 25 .
Perceptual learning consists of an early, rapid phase of improvement and a later slowlydeveloping phase 1, 3, 4, 6-8, 10, 11, 13, 15, 16, 25, 26, 30-36 (see review by 37). The former is generally assumed likely to reflect procedural learning, the initial learning that occurs when acquiring "how to" aspects of a new skill or the response demands of a task, and the latter to reflect perceptual learning, the improvement reflecting changes in sensory function at a cortical level. More recent evidence indicates that even the early phase consists of substantial perceptual learning 6 and involves rapid changes in primary sensory cortex 3, 33, 36, [38] [39] [40] which are attention-dependent and only preserved with further practice 39 . This early phase differs from the late phase in that it can generalize to non-trained stimuli whereas the late phase is stimulus-specific 6, 8, 41 and it has been argued that this makes the early phase the more important for applied (clinical) situations 6 . The differences between these two phases of perceptual learning are still to be delineated and, in particular, it is not known how interference affects them; in fact interference is often taken to be a third and separate process 24 . In the present study we demonstrate a novel form of interference where very brief cueing with a complex speech in noise task affected subsequent learning in that same general task with different stimuli. The suppression was long-lasting, could be triggered by single cueing session, and generalized across background context of the cueing task but then selectively affected only late perceptual learning. SWN vs BN: t 2t = -7.7, df = 60, p < 0.0001; modulated-SWN vs BN: t 2t = -6.6, df = 22, p < 0.0001; modulated-SWN vs SWN: t 2t = -2.1, df = 28, p = 0.052).
RESULTS

Cueing results in context-
Cueing was done with two successive lists and we examined whether there was also any difference between the three noise backgrounds in the change in performance across these two lists.
Despite the differences in baseline performance as a function of noise type, the change in performance across the two cueing lists was similar in all three cue-trained groups and was similar to that seen across the first two lists in the Uncued group (in which the two first two lists were the two Learning-task lists)
( Fig. 1b; 1-way ANOVA of all four groups: F 3, 77 = 1.97, p =0.13; ANOVA of only the three cued groups: Cueing had no effects on the early phase of learning in the Learning task (Fig. 1d) as noted in Methods, the sentences used in both tasks were very similar in perceptual characteristics, they were always said in the same female voice in the same tone, and cueing effects were obtained across three different maskers which were identical to the babble noise in the Learning task or only had the same spectral content, or had the same spectral content with the same overall temporal structure.
Time course of cueing interference varies with different noise maskers
The time course of the cueing effects was examined by increasing the interval between the Cueing and Learning tasks to 4 hours or 1 day, in different groups. Again, for each delay condition, groups could be cued in one of the three different noise types, before testing in the Learning task in BN. The results in the Cueing sessions in these groups were not different from those detailed above for the groups with 30 mins delay between Cueing and Learning tasks, and are not discussed further. The effects of increased delay between Cueing and Learning tasks were assessed on the same three parameters in the Learning task as discussed above, namely, baseline performance, early learning, and late learning, and are compared between the cued groups and the Uncued group (the latter being the same as before).
With a 4-h delay after Cueing there was now no longer any effect on baseline performance which was similar in all four groups ( Fig. 2a ; BN-cued, n = 18; SWN-cued, n = 17; or modulated-SWN-cued groups, n = 18; Uncued, n = 21, same group as before; 1-way ANOVA: F 3, 70 = 2.34, p = 0.08). There was also no difference in early learning across the four groups ( Fig. 2b ; 1-way ANOVA: F 3, 70 = 2.59, p = 0.059). However, as with the 30 -min delay group, there was still a significant difference between groups for the late learning ( Fig. 2c ; 1-way ANOVA: F 3, 70 = 10.14, p < 0.0001). In all three cued groups, the amount of learning was significantly less than in the Uncued group (Students t-tests for all pairwise comparisons between BN-cued/SWN-cued/modulated-SWN-cued groups vs Uncued group: p always < 0.0005 and generally p < 0.0001; for all pairwise comparisons between the three cued groups: p always > 0.13).
With a 1-d delay after cueing there was also no effect on baseline performance ( This hypothesis was directly examined in two groups in which cueing was done with a single list, in either BN or SWN, 1 day before the Learning task. The effect of this single Cueing session on the Learning task are illustrated in Figure 3 where they are compared to the effects seen with training with two lists 1 day before. Cueing with the single list in BN had no significant effects on baseline performance (a1), early learning (b1) or late learning (c1) in the Learning task, compared to the Uncued group or to the group trained with 2 lists in BN the day before the Learning task. Note, as described above, that in the latter Cued group, cueing effects were found only on the late learning component and this was smaller than the effects on this component when cueing was done 1 day previously with 2 lists in SWN or modulated-SWN. Cueing with the single list in SWN 1 day prior to the Learning task resulted in no significant effects on either baseline (Fig. 3a2 ) or early learning (Fig. 3b2) 
DISCUSSION
Previous studies of interference with perceptual learning show it acts to prevent learning from occurring at all, when temporal jitter is introduced within a session involving multiple learning stimuli 22 , or blocks learning consolidation when another training session, containing stimuli slightly variant from the originally trained stimuli or contains temporally-jittered stimuli, is applied within 1-4 hours post-initial training 22, 23 . In at least the cases of interference with learning consolidation it can be remediated by an overnight sleep or even a short nap . In both forms of interference, there is specificity to the blocking effect. Interference of learning involving a single learning stimulus is specific to the trained stimulus (e.g., retinal location specificity or task specificity). In the case of the multiple learning stimuli, interference occurs with introduction of temporal jitter between the stimuli to be learnt and can be obtained with temporal jitter in the presentation of two stimuli that are similar but is eliminated by using two stimuli that are less similar, again indicating specificity of action.
The sufficient to produce maximum perceptual learning 22 . A number of factors work to promote rapid asymptotic within-block performance in the speech-in-noise task: each 4-6 word sentence in our task effectively presents multiple training opportunities in speech-in-noise discrimination and identification, the task is an ecologically-familiar one undertaken everyday by most of us and thus little learning would be needed by the participants of task requirements and criteria, and the specific speech material consists of simple, natural conversational sentences which provide a number of contextual cues and also likely involves top-down influences (such as word and sentence contexts, segmentation cues, lexical knowledge, expectations, higher-level feedback, gaining experience with the talker's voice, etc; e.g., 42, 43) that all promote perception of connected speech, especially in noise. These factors may also account for the fact that the task also shows rapid across-session learning: across nearly 400 participants 19, 20 , across-session learning consists of an initial rapid phase, between the first and second sessions, and a subsequent slower phase from the second to later sessions and learning appears to asymptote within six sessions 19, 20 (and unpublished data). Wagener and colleagues found an improvement of up to 2 dB in the first two tests of their German speech-in-noise tests, with "no further strong training effect after this initial training" (21, p.146).
The very long time course of interference here (interference was present even 1 day after a single cueing exposure) argues against simple adaptation effects as suggested for some forms of perceptual interference (see 41 re 23) and the generalization across noise context to affect the general skill of speech extraction from noise argues against interference at low-level feature representations such as acoustic and phonetic representations. Studies in visual perceptual learning have proposed that perceptual learning, especially of complex but ecologically-commonplace perceptions, is mediated by immediate access to high-level abstract neural representations and only under special circumstances to low-level feature representations (reverse hierarchy theory, RHT 41 ). The perception of words in noise also appears to be very well fitted only by the predictions of the RHT rather than other models 45 , consistent with the strong role of top-down influences on speech-in-noise perception 43 . Low-level processing is gradual and cannot be achieved on a trial-by-trial basis whereas perception and perceptual learning via RHT is very rapid 41, 44, 45 ; this could very well account for the rapid learning in the ecologically-familiar speech-in-noise task especially with the specific type of sentence material used here. Perception through immediate access to high-level representations is argued to be relatively crude 45 and this is inconsistent with the sophisticated processing required to understand speech in noise. However, as the simple, conversational sentences in the speech-in-noise task map readily to natural and familiar situations, perceptual learning in this task may promote access to the high-level representations in a way that allows more sophisticated and generalized learning (since improvements in the task represent improved general ability to extract novel sentences from noise rather than the specific sentences used here).
Cued interference was always specific to the late component in this generalized learning across time scales of 30 mins -1 day, arguing against it being a slowly-developing phenomenon. Further, the fact that cueing caused a context-specific improvement in baseline in the Learning task indicates that it was capable of having -and, in this instance, did have -more immediate effects. Recent studies of auditory perceptual learning indicate that even the early phase of learning consists of substantial amounts of perceptual learning 6, 41 and that early and late perceptual learning differ in the important regard that the former generalizes to untrained stimuli whereas late learning does not 8 . Our data indicates another very important difference between these components with early learning being free from perceptual interference in our task whereas a generalizing, time-decaying forward interference affects late perceptual learning. The fact that this interference was evoked by very different cueing contexts argues for a highlevel locus to the interference, providing another example of top-down influences in the perception of natural speech in noise.
In this study the term Cueing has been applied to the initial exposure to the speech-in-noise task to differentiate the effects here from the "Eureka" priming effect 41, 44 . There a single long exposure to an easy instance of a task allows perceptual learning in a later hard instance of the same type of task where learning would not occur otherwise. It is unknown if these opposing end-consequences on perceptual learning are due to the use of simple training stimuli in the Eureka effect and stimuli with significantly more complex relationships here: as noted by Ahissar and Hochstein 41 it is unknown if the same learning rules apply in the two conditions.
Speech-in-noise audiometry has a special place in the evaluation of the practical daily consequences of hearing loss and the utility of a specific rehabilitative device in a patient, as it attempts to realistically model the conditions under which we undertake our most important everyday task of communication. Our study carries implications for the use of such tools multiply in the same patients:
determining the extent to which prior testing (cueing) in the task is likely to influence the effects seen in a subsequent test session, and the way in which contextual differences between the prior experience and the current test influence the outcomes in the test situation, is important to properly evaluating the effect of rehabilitation.
METHODS
All experiments were approved by the Monash University Standing Committee on Ethics in
Research Involving Humans and conformed to the protocols of the Helsinki Declaration and the guidelines of the National Health and Medical Research Council of Australia for experiments involving humans. All participants gave informed consent to participation in the experiments.
Participants
Participants recruited for this study were staff and students of Monash University and had no previous experience in participating in studies of this nature. All participants had normal hearing thresholds as ascertained by a standard audiometric test (see Supplementary Material). All had English as their first language and had completed education to secondary level in Australia, had commenced or completed tertiary education, and had normal hearing sensitivity as assessed by audiometry (see Supplementary Material). All experiments were carried out in a sound proof room between 9am to 5pm.
Speech-in-Noise (SIN) task
In the speech-in-noise (SIN) identification task participants had to correctly identify sentences Each speech session was run as a self-paced test with no feedback. Participants were instructed that they would hear sentences one at a time in a background noise. They were required to repeat, as best they could, each sentence immediately after it was played, with no time limit imposed on giving their response, i.e., the next sentence would not be played until they had given a response to the previous one or indicated they were unable to do so. Order of presentation of sentences in a list was randomized between participants. In each session, sentence level was always kept fixed at ∼81 dBA and noise level varied adaptively. The starting noise level was always set to ∼79 dBA. This was the level of noise masking the first sentence in each session so that the starting signal-to-noise ratio, SNR, for each speech-in-noise sessions was ∼+2 dB. Thereafter in each session, noise level was adjusted adaptively using a 1-up, 1-down rule corresponding to the 50% detection level (Levitt, 1971 ) (George et al., 2007) . A sentence was scored as being correctly identified only if all 3 key words were identified in correct order. As soon as the experimenter had scored the response on the computer, noise level was automatically changed to the new level and 1.5 seconds later, the next sentence played out.
Metrics to assess performance, and statistical analyses
To quantify the performance in each session, the Speech Reception Threshold (SRT: the signal-tonoise ratio, SNR, at which 50% of participants correctly detected the sentence in noise) was calculated for that session. Like others using similar short lists of sentences in speech-in-noise tasks (c.f. van excluded from analysis and noise levels that were background to sentences 4 -15 in that session were averaged. This average noise level was subtracted from the fixed sentences level to determine the SRT for that test session. (A more negative SRT indicates tolerance of higher noise levels for detection of 50% of the sentences.) Three components were defined for the Learning task: baseline performance (SRT from session 1, S1), early learning quantified as the difference between SRT in S1 and in S2 and expressed as ∆SRT S2-S1 , and late learning quantified as the difference between their SRT in S3 and in S6 and expressed as ∆SRT S6-S3 ; to clearly separate the two learning components there was no overlap in sessions contributing to the calculation of these two components. Statistical analyses of differences between groups (differentiated according to whether they had undertaken the Cueing speech-in-noise task before the Learning speech-in-noise task and, if so, according to the noise masker in the Cueing sessions) was determined using 1-way ANOVAs (using SPSS v15) and if any significant differences were found, carrying out post-hoc analyses making pairwise comparisons using Student's t-tests with LSD corrections for multiple comparisons where appropriate. Learning task sessions 3 and 6 for all groups. In A-E the symbols on the left of each box plot represent the raw data for which the box plot presents summary measures: the box range is from 25% -75% (bottom of box to top of box) of the data range, the outer whiskers represent the 5% (lower whisker) and 95% (upper whisker) data points, and the horizontal line in the middle of the box is the 50% point (median). Delays of 4 hours (top row) or 1 day (middle row) were introduced between Cueing and Learning tasks in new groups, cued in one of the same three noises as in Experiment 1 (se Fig. 1 legend) .
FIGURE LEGENDS
The effects in these new groups are compared to the Uncued group, for the baseline performance raw data for which the box plot presents summary measures: the box range is from 25% -75% of the data range, the outer whiskers represent the 5% and 95% data points, and the horizontal line in the middle of the box is the 50% point (median). In G the data presented are the mean ± SEM. Cue) are compared to effects in the groups cued with 2 lists of sentences in the same noise masker 1 day before the Learning task (2 x Cue; data from Experiment 2) and the Uncued group, for the baseline performance (SRTs) in the 1 st session of the learning task (A1, 2), for the early phase learning (B1, 2: change in SRTs from 1 st to 2 nd session of the learning task), and for the late phase learning (C1, 2: change in SRTs from 3 rd to 6 th session of the learning task). With only a single cueing exposure, Cueing interference was found only in the group cued in a SWN noise masker (C2), i.e., noise masker different from that in the Learning task although this interference was clearly lower than with 2 Cueing exposures in the same noise. Box plot format as for Figure   1 ; additionally, the small box within each box represents the mean. 
